Introduction {#sec1}
============

Breast cancer remains the most prevalent cancer among women, with an estimated quarter of a million breast cancer diagnoses in 2015 alone.^[@ref1]^ Estrogens can initiate cancer when their binding to the estrogen receptor (ER) leads to increased cell proliferation and the likelihood of DNA mutations (hormonal pathway of carcinogenesis).^[@ref2]^ Breast cancer risk is also influenced by estrogen metabolism, and the genotoxic estrogen quinones formed in this process^[@ref3]−[@ref5]^ can be modulated by dietary means, including botanical dietary supplements (BDSs).^[@ref2],[@ref6],[@ref7]^ As traditional hormone therapy (HT) is associated with an increased risk of breast cancer, many women use BDSs, which are perceived as safer alternatives for the relief of menopausal symptoms.^[@ref2],[@ref8]−[@ref10]^ However, efficacy claims are not only disallowed for BDSs but also remain questionable for botanicals used in this field. In particular, the effect of estrogenic BDSs on estrogen metabolism is unknown.

Ligand activation of the aryl hydrocarbon receptor (AhR) followed by cooperative binding of AhR and the aryl hydrocarbon receptor nuclear translocator to xenobiotic response elements (XREs) upregulate P450 1B1,^[@ref11]^ which metabolizes estrogens to 4-hydroxylated catechols ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). These catechols are oxidized to genotoxic, unstable quinones that form depurinating adducts and apurinic sites, collectively resulting in carcinogenesis via the estrogen chemical carcinogenesis pathway ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref4],[@ref12]^ Given that 4-OHE~2~ transforms estrogen receptor-negative (ER−) cells into a malignant phenotype,^[@ref13]−[@ref15]^ activation of the chemical pathway is likely an important event in breast cancer initiation and/or promotion. AhR signaling also activates P450 1A1, which metabolizes estrogens to 2-hydroxylated metabolites ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref16]−[@ref18]^ However, the 2-hydroxylation pathway is negatively correlated with breast cancer risk^[@ref3]^ because the 2-hydroxylated catechol estrogens reduce E~2~-induced proliferation^[@ref19]^ and 2-methoxyestradiol, formed from metabolism of the catechol by catechol-*O*-methyltransferase (COMT), inhibits E~2~-induced proliferation of breast cancer cells.^[@ref20]^ Thus, the 2-hydroxylation pathway can be regarded as a detoxification pathway ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The lack of information on the modulation of estrogen metabolism by botanicals used for menopausal symptom relief motivated the present study.

![AhR and ER Agonists from Red Clover Modulate Estrogen Chemical Carcinogenesis\
AhR agonists induce AhR binding to xenobiotic response elements (XREs) in target genes, CYP1A1 and CYP1B1. Modulation of CYP1A1 and/or CYP1B1 expression in turn alters levels of P450 1A1 and P450 1B1 enzymes that metabolize estrogens (E~1~) to non-toxic (2-OHE~1~) and genotoxic metabolites (4-OHE~1~). Oxidation of 4-OHE~1~ generates genotoxic estrogen quinones (4-OHE~1~-Q). Alternatively, catechol-*O*-methyltransferase (COMT) converts 2-OHE~1~ and 4-OHE~1~ to 2-MeOE~1~ and 4-MeOE~1~, which have been used as non-toxic and genotoxic biomarkers, respectively, in this study.^[@ref2],[@ref6]^ As indicated with red and green arrows, AhR agonists preferentially increase the genotoxic pathway and ER agonists repress AhR activation and downregulate CYP1A1 expression.](tx-2017-00237u_0007){#sch1}

Several popular BDSs used for menopausal symptom management contain constituents that alter P450 1A1 and P450 1B1 gene expression (i.e., CYP1A1 and CYP1B1) or inhibit these enzymes in various cell lines.^[@ref21],[@ref22]^ However, studies investigating the broader effect of these BDSs on estrogen metabolism, specifically "normal" vs cancerous mammary epithelial cells, are scarce. Previous studies reported that two popular and relevant BDSs, licorice and hops, can modulate estrogen metabolism in breast cells. Evidence was built on the LC-MS/MS detection of the methoxy estrogen metabolites 2-MeOE~1~ (non-toxic biomarker) and 4-MeOE~1~ (genotoxic biomarker, [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref2],[@ref6]^ These studies found that one pharmacopoeial licorice species, *Glycyrrhiza inflata*, and its marker compound, licochalcone A (AhR antagonist), decreased 4-MeOE~1~ and CYP1B1 expression in the nonmalignant ER-- breast epithelial cell line MCF-10A.^[@ref6]^ Furthermore, in both MCF-10A cells and the ER+ breast cancer cell line MCF-7, hops and its bioactive constituent, 6-prenylnaringenin (an AhR agonist), preferentially induced the 2-hydroxylation detoxification pathway (2-MeOE~1~ \> 4-MeOE~1~).^[@ref2]^ Phytoestrogens, such as genistein (GN), daidzein (DZ), liquiritigenin, and *S*-equol, reportedly modulated CYP1A1 and CYP1B1 expression through both ERα and AhR mechanisms in ER+ MCF-7 cells.^[@ref23]^ Hence, in ER+ breast tissue, botanical constituents can target both ERα and AhR and significantly alter CYP1A1 and/or CYP1B1 expression ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). One key insight from these previous studies is that the impact of BDSs used for women's health on estrogen metabolism in breast cells should be studied systematically in different models, for example, ER+ and ER-- phenotypes, as outcomes vary according to cell/tissue type.

The current study uses MCF-10A and MCF-7 cells, which were derived from normal breast epithelium and ER+ tumors, to determine the effects of a red clover extract (RCE) and four of its bioactive marker isoflavones, GN, DZ, biochanin A (BA), and formononetin (FN), on estrogen metabolism. The dried flowering above ground parts of red clover (*Trifolium pratense* L., Fabaceae) have been used traditionally as an expectorant and against skin inflammation;^[@ref24]^ however, due to its estrogenic isoflavone content, the predominant current use of the extract is for menopausal symptoms.^[@ref25],[@ref26]^ GN and DZ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) are estrogenic isoflavones from red clover and soy that slightly prefer ERβ over ERα.^[@ref27]^ BA and FN are the 4′-methoxy ether analogues of GN and DZ that undergo P450 catalyzed O-demethylation to GN and DZ *in vivo* ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref2],[@ref28],[@ref29]^ In addition, BA and FN are AhR agonists, which can induce P450 metabolism;^[@ref30]−[@ref34]^ however, to date no studies have focused on their effect on estrogen metabolites in breast cells. The current study fills this gap by evaluating the effect of chemically standardized RCE and marker isoflavones on estrogen metabolites and CYP1A1 and CYP1B1 expression in both MCF-10A and MCF-7 cells. The goal of this study was to better understand the impact of red clover dietary supplements on the alteration of estrogen metabolism.

![Key bioactive isoflavones in red clover.](tx-2017-00237u_0001){#fig1}

Materials and Methods {#sec2}
=====================

Chemicals and Extracts {#sec2.1}
----------------------

The RCE used in this study was an autohydrolyzed hydroalcoholic extract of the aerial parts of *Trifolium pratense* L., Fabaceae, which had previously been used in a clinical trial.^[@ref25]^ The extract contained 30% w/w isoflavones \[BA (14.47%), FN (14.26%), GN (0.41%), and DZ (0.23%)\] and was manufactured by Pure World Botanicals, Inc. (South Hackensack, NJ) as described previously.^[@ref25],[@ref27]^ The chemical profile of this clinical red clover extract, batch BC190, which has been used throughout these studies, was extensively described previously.^[@ref35]^ All pure compounds were obtained from Sigma-Aldrich (St. Louis, MO), unless otherwise indicated.

Cell Lines and Culture Conditions {#sec2.2}
---------------------------------

HC-04 and MCF-10A cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). MCF-7 WS8 cells, provided by Dr. C. Jordan, are an estrogen sensitive cell line (ER+) and were cloned from MCF-7 cells, as previously described.^[@ref36]^ MCF-7 WS8 cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum, 1% glutaMAX, 1% AB/AM, 1% nonessential amino acids, and insulin (6 ng/mL). MCF-10A cells were cultured in DMEM/F12 supplemented with epidermal growth factor (20 ng/mL), cholera toxin (100 ng/mL), hydrocortisone (0.5 μg/mL), insulin (10 μg/mL), 5% horse serum, and 1% penicillin--streptomycin. HC-04 cells, which are nearly identical to HepG2 cells (BEI Resources, Manassas, VA and ATCC database), were maintained in DMEM/F12 with 10% FBS and 1% penicillin--streptomycin. All cell lines were authenticated via determination of the short tandem repeat (STR) profile using an ABI 3730*xl* DNA analyzer and the Promega GenPrint 10 system (Promega, Madison, WI, USA) and GeneMapper 5.0 analysis software (Thermo Fisher Scientific, Waltham, MA, USA). HC-04 cells and MCF-10A cells were in 100% agreement with the STR profile according to the ATCC database. The MCF-7 WS8 cells were in 93% agreement with the MCF-7 cells from ATCC; however, they showed one allele deletion (D5S818:12), indicating a slight difference between the MCF-7 WS8 subclone cell line and the MCF-7 ATCC cell line.^[@ref36]^

Analysis of Estrogen Metabolism by LC-MS/MS {#sec2.3}
-------------------------------------------

After treating MCF-10A and MCF-7 cells with E~2~, rapid conversion to E~1~ occurs. Thus, the methoxyestrone metabolites 2-MeOE~1~ and 4-MeOE~1~ were measured by LC-MS/MS as indicators of the level of estrogen 2-hydroxylation and the 4-hydroxylation pathways as previously described with modifications.^[@ref2],[@ref6]^ Metabolite standards were obtained from Steraloids Inc. (Newport, RI). The internal standard 4-MeOE~1~-1,4,16,16-*d*~4~ was obtained from CDN Isotope (Pointe-Claire, Quebec). In previous studies, the LC-MS/MS method cotreated compounds/extracts with E~2~ for 48 h.^[@ref2],[@ref6]^ When applying this method, RCE treatment yielded several LC-MS peaks that interfered with the 2-MeOE~1~ and 4-MeOE~1~ peaks. To eliminate this issue, a PBS washing step was added after treatment with RCE/isoflavones (48 h) and before incubation with E~2~ alone (1 μM for 24 h). In this modified method, cells were cultured for 72 h and MCF-7 cells were plated in 6-well plates in RPMI 1640 media without phenol red and supplemented with 10% charcoal-stripped FBS, 1% glutaMAX, 1% AB/AM, 1% nonessential amino acids, and insulin (6 ng/mL) at 3.5 × 10^5^ cells/well. MCF-10A cells (1.6 × 10^5^ cells/well) were plated in 6-well plates in DMEM/F12 media without phenol red and supplemented with 5% charcoal-stripped horse serum, epidermal growth factor (20 ng/mL), cholera toxin (100 ng/mL), hydrocortisone (0.5 μg/mL), insulin (10 μg/mL), and 1% penicillin--streptomycin. After 24 h, cells were incubated for 48 h with RCE/isoflavones. Cells were washed with PBS and then incubated with 1 μM E~2~ for 24 h. Cell media were collected and spiked with 0.4 nM internal standard (4-MeOE~1~-*d*~4~) and 2 mM ascorbic acid. The media were then extracted with dichloromethane (2 × 4 mL). The combined organic layers were then dried under nitrogen. Dansylation was performed as described previously^[@ref2],[@ref6]^ with NaHCO~3~ buffer (75 μL, 0.1 M, pH 9.5) and 75 μL of dansyl chloride in acetone (1.25 mg/mL). Derivatized samples were analyzed by positive ion electrospray tandem mass spectrometry using an Agilent 1200 series nano flow LC system (Agilent Technologies, Santa Clara, CA) coupled to an AB SCIEX QTRAP 5500 system (AB SCIEX, Framingham, MA) as described previously.^[@ref2],[@ref6]^ Quantitation was performed using Analyst software (Applied Biosystems, Forster City, CA), and data were normalized to the DMSO treatment.

Analysis of Gene Expression by RT-qPCR {#sec2.4}
--------------------------------------

The Ambion Cells to C~t~ kit for RT-qPCR was obtained from Thermo Fisher Scientific (Waltham, MA), and the experiments were performed according to the manufacturer's protocol. In 96-well plates, MCF-7 cells were plated in RPMI 1640 media without phenol red and supplemented with 10% charcoal-stripped FBS, 1% glutaMAX, 1% AB/AM, 1% nonessential amino acids, and insulin (6 ng/mL). MCF-10A cells were plated in DMEM/F12 media without phenol red and supplemented with 5% charcoal-stripped horse serum, epidermal growth factor (20 ng/mL), cholera toxin (100 ng/mL), hydrocortisone (0.5 μg/mL), insulin (10 μg/mL), and 1% penicillin--streptomycin 24 h before treatment with RCE/isoflavones. Cells were incubated an additional 24 h with treatments before lysis. Using an Applied Biosystems StepOnePlus real-time PCR system (Thermo Fisher Scientific, Waltham, MA), RT-qPCR was performed with lysates (2 μL), TaqMan 1-step RT-PCR master mix, and CYP1A1 and CYP1B1 primers with FAM-MGB probe or an HPRT1 primer with VIC-MGB probe. Data were analyzed with the comparative CT method (ΔΔCT) and expressed as fold induction relative to DMSO as the negative control.

XRE-Luciferase Reporter Assay {#sec2.5}
-----------------------------

In 12-well plates, HC-04 cells were plated in DMEM/F12 media with 10% FBS and 1% penicillin--streptomycin and MCF-7 cells were plated in RPMI 1640 media without phenol red and supplemented with 10% charcoal-stripped FBS, 1% glutaMAX, 1% AB/AM, 1% nonessential amino acids, and insulin (6 ng/mL) overnight. Cells were transfected at 70% confluency with luciferase and renilla plasmids (Promega, Madison, WI), XRE pGL4.43, and pRL-TK, respectively, using Lipofectamine 2000 reagent for 6 h. Cells were treated with the RCE/isoflavones for 24 h and lysed with buffer. The lysates were analyzed for luciferase activity according to Promega's dual-luciferase reporter assay system protocol using BioTek (Winooski, VT) synergy H4 hybrid multi-mode microplate reader.^[@ref6]^ For experiments with ICI 182,780 in MCF-7 cells, the cells were pretreated with ICI 182,780 for 2 h and incubated with compounds for an additional 24 h before the cells were lysed and analyzed for luciferase activity.

Statistical Analysis {#sec2.6}
--------------------

The analyzed data were expressed as the mean ± SEM of three independent experiments. Significance was determined using one-way ANOVA with Dunnett's multiple comparison post test, comparing test sample data to the control sample. *P* \< 0.05 indicated significance (\*). Statistical analysis of CYP1A1 and CYP1B1 expression and XRE-luciferase reporter activity in MCF-7 cells employed Student's *t* test to compare samples with and without ICI 182,780.

Results {#sec3}
=======

Red Clover's Modulation of Oxidative Estrogen Metabolism and CYP1A1/CYP1B1 Expression in MCF-10A and MCF-7 Cells {#sec3.1}
----------------------------------------------------------------------------------------------------------------

In order to analyze the effect of RCE on estrogen metabolism in normal epithelial breast cells, MCF-10A cells were used. The current study used an LC-MS/MS method to measure methoxyestrone metabolites that was slightly modified (see [Materials and Methods](#sec2){ref-type="other"}).^[@ref2]^ RCE ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A) and its major isoflavones ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf)), GN, DZ, BA, and FN, showed no effect. These data suggested that in normal breast epithelial cells RCE has no effect on the chemical estrogen carcinogenesis pathway. To investigate whether RCE and/or its isoflavones modulate estrogen metabolism in ER+ breast cancer cells, the same experiments performed in MCF-10A cells were carried out in MCF-7 cells. Interestingly, here RCE (10 μg/mL) caused an increase in both estrogen 2-hydroxylation and 4-hydroxylation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Levels of 4-MeOE~1~ reached 10-fold induction and represented nearly double of the 2-MeOE~1~ levels observed after a 2 day treatment with RCE (10 μg/mL). Similarly, CYP1B1 expression (5-fold) was twice that of CYP1A1 expression after 24 h of RCE treatment (10 μg/mL; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Interestingly, at lower concentrations (\<5 μg/mL), RCE significantly downregulated CYP1A1 expression below basal levels ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). As a result, E~2~ was predominately metabolized by P450 1B1 to potentially genotoxic catechols in MCF-7 cells under these conditions.

![LC-MS/MS analysis of methoxyestrone metabolites (2-MeOE~1~, 4-MeOE~1~) in MCF-10A and MCF-7 cells and CYP1A1 and CYP1B1 expression levels in MCF-7 cells. (A) MCF-10A and MCF-7 cells were treated with RCE (10 μg/mL) and for 48 h, washed with PBS, and then treated for 24 h with E~2~ (1 μM). (B) CYP1A1 and CYP1B1 expression levels were determined after 24 h treatment with RCE in MCF-7 cells by RT-qPCR analysis.](tx-2017-00237u_0002){#fig2}

Modulation of 2-MeOE~1~/4-MeOE~1~ by Isoflavones in MCF-7 Cells {#sec3.2}
---------------------------------------------------------------

To determine which isoflavones might be responsible for RCE's stimulating effect on estrogen metabolism, MCF-7 cells were treated with different concentrations of GN, DZ, BA, and FN. GN and DZ had no significant effect on the 2-hydroxylation pathway ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Overall, GN and DZ at concentrations ranging from 1 to 10 μM increased the production of 4-MeOE~1~ by at least 5-fold ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). However, this increase was not dose-dependent. In contrast, BA and FN (10 μM), increased 4-MeOE~1~ more than 2-MeOE~1~ metabolites, at least 8 and 5 times, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D). The maximum induction of 4-MeOE~1~ by BA and FN (10 μM) was 20- and 30-fold, respectively.

![LC-MS/MS analysis of methoxyestrone metabolites (2-MeOE~1~, 4-MeOE~1~) in MCF-7 cells after treatment with isoflavones. MCF-7 cells were treated for 48 h with the isoflavones, GN, DZ, BA, and FN, followed by 24 h treatment with E~2~ (1 μM). 2-MeOE~1~ and 4-MeOE~1~ metabolites were analyzed by LC-MS/MS. (A, B) Effect of the ER agonists, GN and DZ, on (A) 2-MeOE~1~ and (B) 4-MeOE~1~ metabolites. (C, D) Effect of the AhR agonists, BA and FN, on (C) 2-MeOE~1~ and (D) 4-MeOE~1~ metabolites.](tx-2017-00237u_0003){#fig3}

Modulation of CYP1A1/CYP1B1 Expression by Isoflavones in MCF-7 Cells {#sec3.3}
--------------------------------------------------------------------

As *Trifolium* isoflavones increase the P450 1B1 catalyzed genotoxic pathway and have little to no effect on the P450 1A1 catalyzed detoxification pathway, their effect on CYP1A1 and CYP1B1 gene expression was measured to study these differential effects in more depth. GN and DZ dose-dependently downregulated CYP1A1 expression ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). GN and DZ caused a small, but not dose-dependent, increase in CYP1B1 expression to 2-fold at the highest test concentration (20 μM, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). In contrast, BA and FN increased both CYP1A1 and CYP1B1 dose-dependently. BA and FN upregulated CYP1A1 expression to 8- and 4-fold, respectively, at 20 μM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Even larger induction was observed with CYP1B1 expression ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D).

![CYP1A1 and CYP1B1 expression levels analyzed by RT-qPCR in MCF-7 cells after treatment with isoflavones. MCF-7 cells were treated for 24 h with the isoflavones, GN, DZ, BA, and FN, and CYP1A1 and CYP1B1 expression was analyzed by RT-qPCR. (A, B) Effect of the ER agonists, GN and DZ, on (A) CYP1A1 and (B) CYP1B1 expression. (C, D) Effect of the AhR agonists, BA and FN, on (C) CYP1A1 and (D) CYP1B1 expression.](tx-2017-00237u_0004){#fig4}

Influence of the ER Antagonist, ICI 182,780, on Isoflavone-Regulated CYP1A1/CYP1B1 Expression in MCF-7 Cells {#sec3.4}
------------------------------------------------------------------------------------------------------------

The role of ERα on CYP1A1 and CYP1B1 expression was investigated by treating MCF-7 cells with and without ICI 182,780 and the following treatments: ER agonists (E~2~, GN, and DZ), AhR agonists (TCDD, BA, and FN), or TCDD plus E~2~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). E~2~ (1 nM) alone significantly downregulated CYP1A1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) and had no effect on CYP1B1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). As expected, TCDD increased CYP1A1 expression (425-fold, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C) and CYP1B1 expression (28-fold, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). TCDD-induced CYP1A1 expression (425-fold) was decreased to 220-fold by E~2~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C), but it had no effect on TCDD-induced CYP1B1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). Compared to potent AhR agonists such as TCDD, BA, and FN, ICI 182,780 treatment alone modestly increased CYP1A1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). ICI 182,780 and E~2~ treatments caused a similar and modest increase of CYP1B1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). Similar to E~2~, pretreatment with ICI 182,780 followed by GN and DZ effectively eliminated CYP1A1 downregulation by these estrogenic isoflavones ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). After pretreatment, ICI 182,780 was even more effective at potentiating BA and FN-mediated CYP1A1 upregulation, increasing it from 7- and 6-fold, respectively, to 55- and 40-fold ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). In comparison with isoflavones alone, ICI 182,780 pretreatment did not significantly modulate CYP1B1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). When ICI was added to TCDD cotreated with E~2~ and TCDD treatment alone, both CYP1A1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C) and CYP1B1 fold induction ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D) greatly increased. These data suggest that ERα specifically influences the effect of isoflavones on CYP1A1 expression, without altering CYP1B1.

![CYP1A1 and CYP1B1 expression analyzed by RT-qPCR in MCF-7 cells after treatment with isoflavones. Cells were pretreated with ICI 182,780 (1 μM) for 2 h and ER agonists \[E~2~ (1 nM), and GN and DZ (10 μM)\] were added for an additional 24 h before RT-qPCR analysis of (A) CYP1A1 and (B) CYP1B1 levels. Treatments with AhR agonists \[TCDD (10 nM), TCDD (10 nM) + E~2~ (1 nM), BA (10 μM) and FN (10 μM)\] were added for an additional 24 h after 2 h ICI 182,780 pretreatment before RT-qPCR analysis of (C) CYP1A1 and (D) CYP1B1 levels.](tx-2017-00237u_0005){#fig5}

XRE-Luciferase Reporter Activity in HC-04 and MCF-7 cells {#sec3.5}
---------------------------------------------------------

To further elucidate mechanistic differences between the tested isoflavones and to compare AhR transcriptional activation by isoflavones, XRE-luciferase reporter activity was analyzed ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A and [S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf)). HC-04 cells were transfected with an XRE-luciferase reporter plasmid and treated with isoflavones for 24 h. Both GN and DZ had no significant effect, while BA and FN significantly increased activity to 5- and 7-fold. XRE-luciferase activity was also measured in MCF-7 cells; however, only FN had a significant effect ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). Because ERα can suppress AhR activation,^[@ref23]^ the MCF-7 cells were pretreated with ICI 182,780 before isoflavone treatments and XRE-luciferase activity was determined. Interestingly, the XRE-luciferase fold induction by isoflavone treatment more than doubled with ICI 182,780 pretreatment ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). ICI 182,780 alone had no effect on XRE-luciferase reporter activity. These data confirmed that BA and FN act as AhR agonists and that ERα downregulates XRE-reporter activity.

![XRE-luciferase reporter activity analyzed after 24 h treatment with isoflavones (10 μM), BA, FN, GN, and DZ, in (A) HC-04 cells and (B) in MCF-7 cells. ICI 182,780 (1 μM) was added 2 h before treatment with compounds, and cells were incubated for an additional 24 h before analysis of XRE-luciferase reporter activity.](tx-2017-00237u_0006){#fig6}

Discussion {#sec4}
==========

Although both P450 1A1 and P450 1B1 genes, CYP1A1 and CYP1B1, respectively, are coordinately upregulated by AhR agonists, ER agonists differentially regulate these genes.^[@ref37]^ As many botanicals used for menopausal symptoms, like red clover, contain AhR agonists that can increase estrogen metabolism along with phytoestrogens^[@ref38]^ that may downregulate CYP1A1 similarly to E~2~,^[@ref37]^ evaluating their effect on estrogen metabolism *in vitro* is a means of enhancing the prediction of safety *in vivo*. Because the effect of RCE and its isoflavones on estrogen metabolism had not been previously investigated, we studied their effects in two different cell lines. MCF-10A cells are derived from normal human breast epithelial tissues. The ER expression level in the MCF-10A cell line is much lower than in the MCF-7 breast cancer cell line. Therefore, the MCF-10A cell line is considered ER--.^[@ref39]^ Likewise, the levels of ER in normal breast tissues are often low.^[@ref40]^ Hence, MCF-10A cells resemble normal breast epithelial tissues from healthy women more than MCF-7 cells, which are derived from ER+ breast tumors.

The study outcome showed that RCE did not modulate estrogen metabolism in "normal" ER- MCF-10A cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Although this study was limited to using this normal breast epithelial cell line, the conclusions regarding the safety of these supplements is consistent with the safety data from several clinical and *in vivo* studies using healthy women or animal models.^[@ref25],[@ref41]−[@ref43]^ An RCE (750 mg/kg/day) standardized to 15% isoflavones and given by gavage to ovariectomized rats did not increase proliferation in the breast.^[@ref41]^ Available in the form of a commercial dietary supplement (Promensil), a red clover preparation was administered for 3 years to healthy women with a family history of breast cancer. In line with other evidence, Promensil did not increase breast density, which is known to increase the risk of breast cancer.^[@ref42]^ Another study by Atkinson et al. found no difference in breast density or E~2~ levels.^[@ref43]^ Furthermore, it appears that isoflavones may even decrease breast cancer risk.^[@ref44]^ The association between breast cancer risk and the use of isoflavone supplements has also been analyzed among postmenopausal women. Using high content isoflavone supplements, at least 3 of the 28 total isoflavone dietary supplements included in the study, or any isoflavone supplement consumed for over 5 years were associated with a decreased risk in breast cancer.^[@ref44]^ Red clover isoflavones possess other beneficial effects that may contribute to a positive safety profile in healthy women. The ERβ selectivity of GN and DZ may provide a better safety profile than classical estrogens.^[@ref38],[@ref45]^ Additionally, GN inhibited DMBA-induced DNA oxidative damage and strand breaks in MCF-10A cells.^[@ref46]^

However, other studies reported potential harmful effects of red clover phytoestrogens, such as stimulation of breast cancer cell proliferation and tumor growth at concentrations as low as 1 nM.^[@ref47]^ Hsieh et al. showed that GN caused cell growth in MCF-7 cells, increased mammary gland growth in ovariectomized mice, and increased MCF-7 xenograft tumors.^[@ref48]^ Downregulation of COMT mRNA and activity in MCF-7 cells has also been reported for phytoestrogens GN and DZ, which led to decrease in methylation of the genotoxic 4-OHE~2~ metabolite.^[@ref49]^ In this study, MCF-7 breast cancer cells were also used to investigate red clover's safety, and the results were compared to those from MCF-10A cells. It was noted that AhR responsiveness was much higher in MCF-7 cells than in MCF-10A cells. This has been observed when TCDD increased 2-MeOE~1~ and 4-MeOE~1~ levels in MCF-7 cells at least 4- and 7-fold more than in MCF-10A cells.^[@ref39]^ Similarly, the current study ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf)) showed the difference between TCDD induced 2-MeOE~1~ and 4-MeOE~1~ levels to be 4- and 15-fold more in MCF-7 cells than MCF-10A cells, respectively. The same trend was observed for CYP1A1 and CYP1B1 expression ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf)). Subsequently, this study found that, while RCE caused an increase in overall estrogen oxidative metabolism, the P450 1B1-mediated genotoxic pathway was increased more than the P450 1A1 detoxification pathway in MCF-7 cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Thus, RCE is predicted to be safe in normal breast tissues, yet it may modulate estrogen metabolism to increase genotoxic metabolites in breast cancer.

In MCF-7 cells, the individual effects of red clover isoflavones on estrogen metabolism in this study were determined as well. We previously determined that natural AhR agonists, such as 6-prenylnaringenin, increase estrogen metabolism through AhR activation.^[@ref2],[@ref6]^ In the literature, BA and FN are reported as being AhR agonists,^[@ref33],[@ref34]^ but whether GN and DZ activate AhR is controversial. Comparing relative AhR activation potencies, Bialesova et al. reported AhR activation by BA, FN, and GN (100 μM) to be 309-, 108-, and 27-fold, respectively, with DZ having no effect.^[@ref30]^ A number of flavonoids and plant-derived indoles were tested in an assay to measure transcriptional activation of the AhR/ARNT dimer using an XRE reporter plasmid in yeast.^[@ref50]^ The EC~50s~ of BA and FN were 130 and 250 nM, respectively, designating them as being among the most potent compounds tested.^[@ref50]^ EC~50s~ were not reported for GN and DZ because the compounds were not potent enough for AhR transcriptional activation to be detected. However, GN and DZ (10 μM) significantly activated AhR in Hepa-1 cells to 12- and 14-fold, yet their induction of AhR activation did not reach 2-fold in MCF-7 cells.^[@ref50]^ In the current study, GN and DZ (10 μM) increased XRE-luciferase reporter activity in HC-04 cells to 2-fold; however, the induction was 4 times lower than after BA and FN treatments ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). AhR activation leading to CYP1A1 and CYP1B1 induction after isoflavone treatments has been reported,^[@ref23],[@ref33],[@ref34]^ yet no studies have conducted a direct comparison of CYP1A1 and CYP1B1 induction by the four key marker isoflavones in MCF-7 cells. BA and FN (10 μM) reportedly increased CYP1A1 expression in MCF-7 cells after 6 h.^[@ref33],[@ref34]^ BA (10 μM) doubled CYP1A1 expression and increased P450 1 specific activity 2.5-fold; however, CYP1B1 expression was not determined in this study. Studies aimed at determining the effect of GN and DZ on CYP1A1 and/or CYP1B1 are conflicting. Gong et al. produced results showing that GN and DZ (1 μM) increased both CYP1A1 and CYP1B1 expression to 5- and 3-fold, respectively, in MCF-7 cells after 4 h.^[@ref23]^ However, Wagner et al. reported, after 24 h, a decrease in CYP1A1 with GN (1 μM) and DZ (10 μM) in estrogen sensitive MCF-7 cells (MCF-7 BUS); CYP1B1 was not measured in that study either.^[@ref51]^ Overall, the present outcomes agree with other studies by showing that BA and FN were more potent than GN and DZ in activating CYP1A1 and CYP1B1. Even at the highest concentration tested, GN and DZ did not increase 2-MeOE~1~ metabolites ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A) or CYP1A1 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), and they only modestly increased CYP1B1 (2-fold, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). As BA and FN significantly increased both P450 1A1 and P450 1B1 pathways, they are most likely the reason that RCE increased estrogen metabolism in MCF-7 cells.

On the other hand, GN and DZ, as ER agonists, are most likely the reason that RCE downregulated CYP1A1 at low concentrations in MCF-7 cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) and demonstrated a relatively weak effect on estrogen 2-hydroxylation compared to 4-hydroxylation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Estrogens limit AhR activation through various mechanisms, such as degradation of AhR or depletion of its available cofactors.^[@ref52]^ Furthermore, when E~2~ activates ERα to displace AhR/ARNT, methylation on XREs in the CYP1A1 promoter region occurs.^[@ref37]^ This mechanism specifically downregulates CYP1A1 without affecting CYP1B1 expression in MCF-7 cells.^[@ref37]^ In the current study, E~2~ (1 nM) decreased basal and TCDD-induced CYP1A1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,C). Moreover, Spink et al. reported that significant downregulation of TCDD-induced CYP1A1 expression/2-MeOE~2~ formation simultaneously occurred with upregulation of TCDD-induced CYP1B1/4-MeOE~2~ formation after E~2~ treatments (100 pM to 10 nM).^[@ref53]^ Similarly, GN and DZ not only downregulated CYP1A1 but also increased CYP1B1/4-MeOE~1~ formation. However, it is likely but not certain that this increase in the 4-hydroxylation pathway by GN and DZ was mainly ERα mediated. GN and DZ are weak AhR agonists in MCF-7 cells,^[@ref50]^ and studies regarding whether E~2~ modulates CYP1B1 expression are inconclusive.^[@ref23],[@ref37],[@ref54],[@ref55]^ In the current study, E~2~ (1 nM) slightly, yet not significantly, increased basal CYP1B1 expression, but it produced no effect on TCDD-induced CYP1B1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). Only a higher concentration of E~2~ (1 μM) increased CYP1B1 significantly ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf)), yet E~2~ (1 μM) did not have an effect on isoflavone modulation of CYP1B1 expression ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf)). Some literature reports have also shown that in the presence of E~2~, TCDD-induced CYP1B1 levels were not affected.^[@ref37],[@ref55]^ However, Gong et al. observed that basal CYP1B1 levels were decreased,^[@ref23]^ while others saw an increase in CYP1B1 expression with E~2~ treatment.^[@ref54],[@ref55]^ Increased CYP1B1 expression by E~2~ may occur through an estrogen response element (ERE) located in the promoter region of the CYP1B1 gene.^[@ref54]^ Thus, upregulation of CYP1B1 by GN and DZ could occur through ER and/or AhR mechanism(s) to increase the 4-hydroxylation of estrogens, yet downregulation of CYP1A1 by GN and DZ through an ERα-mediated mechanism was most likely the reason that RCE reduced CYP1A1 expression and thus only weakly induced 2-hydroxylation compared to 4-hydroxylation in MCF-7 cells.

It is probable that experimental conditions or cell type/context influenced the effect of estrogenic compounds on AhR activation. For instance, the concentration of E~2~ in media, length of E~2~ deprivation,^[@ref53]^ and the well-documented differences in MCF-7 cell lines^[@ref56]−[@ref58]^ can lead to differences in ER levels that cause modulation in AhR responsiveness. To prove that the effect of these estrogens on AhR activation depends on cell context, several studies used ICI 182,780 to eliminate the effects of ERα. Similar to our studies, Gong et al. showed that ICI 182,780 and siERα increased basal levels of both CYP1A1 and CYP1B1, suggesting that even unliganded ERα suppressed constitutive AhR activation. ICI 182,780 also reversed downregulation of CYP1A1 by 10 nM^[@ref23]^ and 100 pM concentrations of E~2~.^[@ref51]^ Gong et al. also showed that siERα potentiated GN or DZ (1 μM) induced CYP1A1 and CYP1B1 expression in MCF-7 cells; ICI 182,780 (1 μM) did not have a significant effect on either gene.^[@ref23]^ However, similar to this study, ICI 182,780 did reverse GN (1 μM) and DZ (10 μM) downregulation of CYP1A1 expression in MCF-7 BUS cells^[@ref51]^ and TCDD-induced CYP1A1 expression.^[@ref37]^ In the current study, ICI 182,780 (1 μM) potentiated TCDD-induced CYP1A1 and CYP1B1 expression ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C,D) and also increased CYP1A1 expression after isoflavone treatments ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,C). Additionally, after MCF-7 cells were pretreated with ICI 182,780, all isoflavones significantly induced XRE-luciferase activity in MCF-7 cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). No significant induction in XRE-luciferase reporter activity was observed with the isoflavones alone in MCF-7 cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B), in which XRE reporter activity is usually lower compared to other cell lines, such as HepG2 and Hepa-1 cells.^[@ref2],[@ref50]^[Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf) demonstrates that TCDD-induced XRE-luciferase reporter activity in HC-04 cells was 10-fold higher than in MCF-7 cells.

In conclusion, the study showed that ERα agonists suppressed AhR activation in MCF-7 cells. An epigenetic mechanism specifically targeting CYP1A1 was most likely the reason that RCE decreased 2-hydroxylation (CYP1A1), which led to a greater increase in the 4-hydroxylation pathway in MCF-7 cells. Although BA and FN increased estrogen metabolism, it is important to note that they are not bioavailable and are rapidly metabolized to GN and DZ *in vivo*.^[@ref38],[@ref59],[@ref60]^ The effects of these phytoestrogens on estrogen metabolism are notable, especially because the 2-hydroxylation pathway is strongly associated with a decrease in breast cancer risk.^[@ref3]^ Modulation of this benign pathway may vary in women based on several factors such as ER status. Furthermore, as women are turning to BDSs for relief of menopausal symptoms during breast cancer treatments (i.e., tamoxifen, aromatase inhibitors),^[@ref61]^ it could be necessary to advise women with cancer against the consumption of certain BDSs containing isoflavones that induce the undesirable estrogen 4-hydroxylation pathway. Considering the *in vitro* nature of the available evidence, clinical studies are warranted that evaluate the corresponding safety parameters in these populations versus healthy women before recommendations about the clinical safety and population specificity of these BDSs can be made.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.chemrestox.7b00237](http://pubs.acs.org/doi/abs/10.1021/acs.chemrestox.7b00237).Analysis of 2- and 4-MeOE~1~ levels after treating MCF-10A cells with RCE and isoflavones, TCDD-induced CYP1A1 and CYP1B1 expression and 2- and 4-MeOE~1~ levels in MCF-10A and MCF-7 cells, TCDD-induced XRE-luciferase reporter activity in HC-04 and MCF-7 cells, E~2~ induced CYP1A1/CYP1B1 expression levels, CYP1A1/CYP1B1 expression levels after cotreatment of MCF-7 cells with E~2~ and isoflavones ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00237/suppl_file/tx7b00237_si_001.pdf))
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AhR

:   aryl hydrocarbon receptor

BA

:   biochanin A

BDS

:   botanical dietary supplement

COMT

:   catechol *O*-methyl transferase

DZ

:   daidzein

E~1~

:   estrone

E~2~

:   estradiol

ER

:   estrogen receptor

FN

:   formononetin

GN

:   genistein

HT

:   hormone therapy

2-OHE~1~

:   2-hydroxyestrone

4-OHE~1~

:   4-hydroxyestrone

2-MeOE~1~

:   2-methoxyestrone

4-MeOE~1~

:   4-methoxyestrone

P450 1A1

:   cytochrome P450 enzyme 1A1

P450 1B1

:   cytochrome P450 enzyme 1B1

RCE

:   red clover extract

TCDD

:   2,3,7,8-tetrachlorodibenzo-*p*-dioxin

XRE

:   xenobiotic response element
